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RESTOLITION AND ANALYSIS OF AMATEURPIOV]I:S
FROMTHL KENWI)Y ASSASSINATION*

J. R. Brrcdlovc, T. M. Cannon.
D. H. Janney, R. P. Kruger, H. J. Trusscll

University of California
LOS Alamos Scicntifir Laboratory

Los Alamos, New Mexico (4754S

ARSTIU(:I’

Much of the evidence concerning the assns..inat ion of l’rcsi-
dent Kennedy uomcs from amateur movies of the pr~’sidcntinl
motorcade. Two of the most revcaiing movies arc those ‘tikcn
hy the photographers :apruder and Nix. Approximntrly 180
frames of the Zaprudcr film clearly show the Eenrrul r~lil-
tion of persons in the presidential limousine. Many of the
frames of interest were blurred by focus problems or by lin-
●ar motion. The method of cepstrul analysis was used to
quantitatively measure the blur, followed hy maxjmum a
postcriori (MAP) restoration, We give descriptions or thcsu
methods complctc with hcfore-and-after examples from SCIC<l -
ed frames. The frames, which wc anulyzcd in this rntinncr,
were then availahlc for studies of faciul cxpres~ions, han(!
motions, ● tc.

Numerous allegations charge tilatmultiple gunmen pla::ud iI
role in an assassination plot. Mult.sprctrol analyses,
adapted from stu.iies of satellite im:lprry, sho~ no cvidcncr
01 an alleged rifle in the ?apruclrr film. L:lstl)’, W(! USC’
frame-avcrnging to rcducu the noise in ;hc Nix movie prior
to MA1’rcstornt ion. The restoration of the rcducrd-noise
average frame mmrr clearly shows that il l~iist onc of thu
alleged gunmen is only the Iight-und-shudow pnttcrn lIcIlc:Ith
the trees,

lNTROIUICTIONANI1SIGNII1(:AS[:I: 01 h’[~liK

A lnrgc fraction of thr avallnhlr cvidcncc from thr ass:ls-
sinntion of President ticnnedv is in the form of llhoto}:r:lph*.
Much or thr phntnrrnphy nf t$r fntml motorcnde h’ns lllildC hitll
amntcur cquiprnrnt of ihndcquntc quullty for tilt’ liltrr 11*-
sussinnt ion invrst l~ntloll~, 111(’ stllff of the l~i~itill Siy.
nal and lmngc Annlysls Group nt the LOS Alnmos Srlcnt ifit”
Laboratory (LAS],] wns purt of u multl-lnllorlitory tram III.
volvcd in dl~ital restoration, cnhunccrncntj and unilly~ls or
selected imnfics. At Los Alnmns, wc conrtntrntcd on si}!ni-
ficant frames from the 8.mm movlrs mtidc IV tllr plmto~ro”
phcrs Zaprudcr and Ni~.

The srlrcted frames wcrr chosrn hr rclcvnncr to qurstl~~tls
of multiple shots a:nl mult~plr gunmen. ThLh nil]lrlldtsl’ f I Ilil

show~ the passen~crs in the prrsldcntlul limousinr thrwxh
thr fntcful seconds from well hrforr ttlr first shot to will

.-— . ..— —.
‘Work supported hy thr U.S. I)rpnrtmrnt of I:II(SINY undrr

(:ontrnrt No. 7405-l;NG.36 , USIIW rilndlllN~[illlli~ldby tll{~
1selectLommlttcr 011 As!iIIss lIIIItl(tII:i Or tllr 1.S. Iltm%r or

I{eprcsentatlves.



after the fatal shot. Assassination investigators have
studied this film in detail for evidence of sudden changes
in position, facial ●xpressions, and general body positinn
that might indicate multiple shots or an awareness by any
limou~ine occupar,t that a shot had been fired. In a few
zapruJer frames, there was the possibility that a second
gunman was visible. The Nix film is of interest primnrily
because it shows a region of trees, lawn and architectural
structures (the grassy knoll) in which some persons hn~c
cl~imed to see a second gunm~:l.

The Zaprudcr film is now badly fnded. Because of its archi-
val value, wc digitized a temporal scquencc of arproximatc-
ly 180 framrs for retention in the National Archives as
di~ital irnagcs on maFnctic tape. In this form, on ar~hivnl
quality tapr, the im:i~c’s will deteriorate much less rapidly
than the original film or conventional photographic coFies.
Further, the archive’s staff can have unlimited numhcrs of
digital copies made for historical study with ne du~rad:l-
tion of data, The original Zaprudcr film now has two miss-
ing sets of frames. For archival purposes, wc also IIi;~,-
tized first ~eneration copies of the missin~ frnmcs. o
archival tapes will thus represent thr best comp]ctc sc-
qucncc of Zaprudur imngcs in existcnc-c.

He used the digitized images for several purposes at LOS
Alamos. All results wsre also avniloblc to other persons
associated with the Photographic Evidence Panel, By fur the
bulk of our ●ffort concentrated on gcncrully sharpening poor
imagery, i.e., imtigc restoration. Ilowevcr, WC also studied
an individual Zopruclcr frame in detail (Iromr 413). In this
frame some ohscrvtrs claim to see n srcond gunmun long tiftcr
the fatnl shot. This frmc was aubjcctrd to col~lr an~llysis
for evidcncu of a rlrlc and to careful mrnsurntlon for 10K;I.
tion of the person whose hcud appears in the framu.

FILM DIGI’lIZATlON ACTIVITIES

Oftrn WC vic~ film digit i:iitlon ak u suhdlvisinn Of th~’
film Into a ch~ckcrhoard pattern followed hy the mcnsllrvmcllf
of ●verage photoKra]lhic density over cnch squ:lrr, TIIr “LlI-
gital imaRc” is then an ordered string of ~~crilg~ dcnslty

VIIIUCN. Thcrr is no reason, however, why wc must rrstrlc
our tllinkln~ to a chcchurhonrd of conti~uous snmplr~, : II
thr dlgitizntioll~ undertaken for the assussinutltm study ku
dctcrmlncd that surcrlcr repr~~~ntntlnnq nr thr Imupc would
be obtained w~t.h “chcckerhonrd gquarrs” which ovrrlapprd.

Thr choice of parameters for the scan wns n comb]nntion o!”
theor) Mnd practicnl connideration~. T’wu pupcrs In thr puh
llshcd litcratu c trest the theory of pcannlng with flnltc.
sizrapelturcn,~,z From thasrpapers wcknowthnt lfthc
CelltCr.tO.CCntCr Salfipl~ S~acil’lR lS suffil!Irnt])’ ~m~l]l t“Om-
pnred to imngc features, then the ●prrturr SIZC ‘nn hr US1’11
to control noise ~n the ncnnnd lIMMC,

A apeclficarlon of imaRc-feature size CUMhr stntcd In trrn.
of spatial frequcnrics, Hr thrn drtrrmlnu thr minimum s:lm-
plc #paring by thr well-known Nyqulst rclntlou. ;nprudrr
dnd Nlx hnth used Kndachromc II film, st~ltrd hy thr mnnufn~” -



turer to have a resolution of 125 lines/mm under optimum
conditions. However, for the low contrast and gencrully
poor ccindition nnd quality of the Zaprudcr film, a maximum
frequency of 50 lines/mm was generous. Based upon this es-
timate, which was shared by other consultants to the l’tl[,tcl-
graphic Panel, we scl~ctcd n sample spacing of 10 microns.

Thu scanning aprrturc si:c can then hr USCII to control the
signal -to-noisu ratio In our work, on aperture iIs sm:lll as
the samplr spacing pc,mmi”rtcd such a smill I amount of light tLl
pass through the microdi~nsitomrtrr that the instrument K:ls
difficult to calibrate and gave an clertricillly noisy sign:ll.
En]urging the aperture mitigated thrsc problems as well iis
TcduccLI the •ffc<t~ Of film grain noise. Based on these
considerations wc selected a scanning npcrturc of 15 micr’ons.

Thus. we scanned the films with a lCI-IJ sample sp?cing ilnd a
15-P aperturr. ?hrec sc~ns were matlc of euch film. through
Kodak h,ntten Flltcr T\’pcs 92, 93, and 94, for color.scP:l~;l-
tion. The scanrlrd imagr wiIs reconstructed nt tht’ lJnlvCsrslty
of Southern California and shown to n,embcrs of the Pl~oto-
pruphic Panel. Thnt pencl agreed th~t all inforrnntion ilYnil-
ahle in n first-g?ncration copy of the origi. al :nprutlrr
film was also in the digiti:cd image. A similar scanning
recipe wns applied to the Xix film ot the AcrospncL’ Corporn.
tionm The data tapes conjoining this infnrmilt!on Kc-x’ sent
tn LASI..

INAGI: RI:SUMUTIOK

hhi~.h or thr information potrntiully avniluhlr on thL’ Znpru-
dcr nnd Nix films requires thut the lmiig~s hc restored,
i,c,, changed to the qullity which they wouId hnvu had il’
the rarnrrir or photo~raphic cnnlltions had hecn hcttrr, I@s -
toruf ion Is u two-step process:

The following two suhscrtions trunt thrsc two strps, Then,
In a fin..l subsection wc drscrihc ty~;icn] rrstorntlon n~.-

lv~llrs.

Defect Iletcrminntlon. . . . ..-——.— ——.

Many or the Zaprudcr frames arr vlsihly blurred, appnr~n?lv
hy camera motlrrn or hy stotlon of the film in and out or tll(”
focal plaue as It advanced throurh thr carncru. Of’ cour:iu,
w? hud no detallcd knowledge hryond thr imugr itsrlf’ with

1~
which to quant tatlvcl dcscr!hc ?hesc dcfeimts. Nrcent
work has sbgwn. that t csr two common blurs, motion mnd dr
focus, •mhr~ trlllale si natures In the hlurrcd plcturt’.

fPrnper aualy~ls ●llows t e scvrrlty of thrst’ hlu”.s to ht.
determined from thu irnurr.

Both mntlon Illur ●nd defocus blur destroy information Irl
thr photn~!rnphrd scmr. This loss of Informntlon oL.cIIr’s
hrcnusr thes,+ blurs havr zcru~ in thrir frcq~lenl’y-dt~millll
transfrr hlnctlunkl in rh~ uusc of linrMr motion 111111(Ir



an otit-of-focus lens, these zeros occur in a periodic pat-
tern. While it is sometimes possible to dstect these pat.
terns by eye in t~e frequency domainp the presence of noise
and near-random image information usually make this approach
difficult. The periodic zero pattern can be made more vi-
sible through an ●veraging scheme that is used in power
spectrum estimation. An unusually good ●xample of zero lo-
cation is shown in Fig. la, which was computed from an out-
of-focus photograph. A more typical example, however, is
shown in Fig. lb, where the zern~ are obscured by noise.

It haa been shown’ that ●ven in the more difficult case of
Fig. lb, the pattern of zeros can be identified and used
to determine blur severity. This is done by computing the
power cepstrum @f the picture. The power cepstrum is de-
fined as the Fourier transform of the logarithm of the poK-
er spectrum. In the power cepstrum domain the circularly
symmetric ze?o pattern of a defocus lens shows up as a ring
of spikes. The zeros of a motio,l blur are dcnoteJ by pcsks
that identify both the direction and ●xtent of the motion.

The mathematics in!”olved in computing the power ccpstrun
are straightfortiard. The image formation system is denoted
by

tt(x,y) ■ f(x,y)*h(x,y) + n(x,y) , (1)

where
f

is the hlurrect image, f the oriqinal imagr, h tht”
spatia ly Invariant blur, and n the noise. The pow~r s,~,,,.-
trum is computed using the method proposed hy k’clch IS OIILI
results in

OK(U,V) ■ 0f(U,V]lll(U,V)!2 + $n(u,v) , (:I

where @ denotes the
[

oh’rr spectrum of tllr si~l)ul indi~flt~ll

by the subscript. T c power cepstrurn is dci”incd to hc

PR(p,q) ■ F(IoR @E(u,V)) , (3)

wherr 1: ( ) denotes the Fourier transform. IT is in the
powlr cepstrum thnt the telltale splkcs frum motion or LICI
focus blur cnn be readily idcntifird. l’lgurc 2:1 SIIUWSthu
cepntrum nf a motion-blurred lilturc.

1)
TIIC spncln\! UIIII ori-

●ntation uI’ the peaks givrs t c cxtont and dlrcct ion of thr
■otion. Figure 2b : thr cepstrum o! an out-of-focus pie.
turc. FI~urr 2C shows an ovrrhcad VICW of thr ccltstrurn nf
Fig, 2h in which the ring of spikes Is rclurcd to thr cxtrnt
Of defocus,

The nurnorlcal drscriptlon of the irnugr defect l]r~”onlrs thr
point sprcmt function (1’s1:) 01 hlwrrlnk mntrix thnt wc *}NIII
remuve numvrlcnlly.

Defect Rumoval------- ---- --——._.



where

g is the recorded image;
f is the original ima~e;
h is a blurring matrjx (point spread function);
n is signal independent uncorrelated noise;
s is a function representing the nonlinear film

response.
(This function was ignored above, but now bccomcs
important.)

The deblurring method used he e was nonlinear maximum a
po~teriori f~~r] restoration. ~ This scheme attempts tornaxi-
mize the posterior probability, p(fl ), given assumptions or

‘fthe prior probabilities p(f) and p(g f) = p(n). The algo-
rithm is iteratlvt in the spatial domain. It starts with a
first guess at the solution, fo, and moves successive itera-
tions in the direction of increasing po~terior probability,
The algorithm stops when Ig - s(h ● f)l- < ln12, that is,
when the variance of the residual image is less than or
equal to the variance of the noise, This is the condition
that would be satisfied if the true solution were known. An
interesti,n”: property of this algorithm is that , in practice,
it rnrely pTCdJCCs a solution whose residual variance is
much below the noise variance. This property allows us to
make a rough check of our noise estimote.

The nonlinear film response is vrry important and prevents
a quick lint?ar.solution method i om producing accurate rc-
Suits. Photographic film is not only a nonlinear recordinr.
device, it also possesses singularities% caused by snturn-
tion and fog. !f the film is used under optimal conditions,
these singularities can be avoided hy proper exposure. lJn-
:ortunately, most photography is not done under optimal
conditions.

A h]ajor problem wit the :apruder film wns with saturation
effects. The sun r{ flectinR from the chrome of tnc Automo-
biles produccl briNlllllrsscs thot were beyond the rrfolding
capabilities of the film. A saturated area cont=ins no
usrful inforrnmtion for the restoration method, The resto-
ration schcmc must hc modif~ctl to not attempt rcstorntion
in this urea. Further the schcrnr must mnkr minimal usc or
information in thi~ arcn for ;hc rcstorntion of other
polllts. The spa-c domain processin~ of thr nrinlir,ont ‘.!NP
u~”lliud is partl~llinrly adaptable to these ❑odific:ltlens.

A binary saturation map was generated hy fla EII,Y all
Epoints at or above the saturation level of t c f,lm. Thr

effect on r~storation of the saturat~it ●reas is ‘not lim!trt’
to thr inwnedlatc orco hut extends to points around it An
cstimntr Or the Cxte)]t of th~s sffcct~d arcu w~}, ohtnined
hy hlurrIng thr binar

1
saturntlon m~lp w!th the ‘Iystem point

Sprcnd function, A t rrshold was determined eilpJTiCtlll)’
ond h n~w hinury map was obtained hy flag~ln~ all points In
the blurred ❑np above the given threshold.



This saturation map was used as a guide for which points to
restore. If ● point was flagged, that point would rem~:n
unchanged oy the restoration nlgorithm. The flagged poinrs
would, h~usv:r, have ~ome ●ffect on neighboring point:, bu;
this effect was minimized by the local nature of thr ar[jl
and the extended rangn of the map generated by blurring i!~r
original saturated areas. The MAP algorithm without the
saturation map prodaced a ringing around the saturated
areas which increased in size end severity with each itera-
tion. Eventually this ringing destroyed ir.formation in a
large area of the picture. The modified algoTithm eliminat-
●d this ●ffect and produced the images shown ]atcr in this
paprr.

The infor,lation required to genesate a model for the non-
linear fLrlction s was obtained from standard Kodak publish-
ed film response [D log E) curves. The curves were suffi-
clent?y linear through most of their domain to permit lin-
ear approxirntion excep” In the area of the toc and shoul-
der [fog and saturatio ,oints).

A separate restoristir was made for each color-separated
scan. Each color wa rm~tn-~d with its own non] incar rc-
~ponse function and il e>timatt~d noise.

Ty~ical Restoration Act ;ies-—

We know from extensive prior experience with image restora-
tion that there is a severity of blur beyond which any rcs-
toraiion nttempt is hopeless. Further, the better the ini-
tiul image, the more we cuuld potentially learn II!’ restorin~
it. Each frame throughout lhv time srquence of intcrrst,
was visually categorized int.u (JnE of five Subjcct]vc groups:
good, fair, blurred, badly blurred, nnd hoprless, I.hlcss
the frame was of unusual interest to the Select Commlttue
Wc!Only attempted to reStOrC imaRes from the best two
catcRories.

The impnrtallt portion of each u’ 16 flames was restored
usin

!!
the blur deduced from tht cepstral anulysis. h’c arhl-

trar ly treated those imnRes which werr only slightly blur
red as if they had one picture ●lement radius of ml’. .of-
focus blur. This treatment results in n quulitativ?]y
“crisper”’ image,

From a pl.~ctical standpoint, the MAI’nl~orithm nlw&\ss con-
vcr~ed in 10 to 12 iterations. That is, ttr rcsidilvl Imnpr
tlescrlbcd above becumc less thnn the ●stimitml noisr vari-
ance in lfl to 12 iterations on the Imagr.

Figures 3 ●nd 4 show oriQina] snd restored vers]olls of
Zapruder Fr~mes 193 and 312, respectively, Both of these
were orlRirInl]y cmte~orizcd as “Rood” and show thr results
of the “crispcning” tlencrJbcd ahovc,

III ●ll image restorntlon ●cti.~lty, the limit on the rcstorrd
quality is dctermjncd by the imti~c nolsr. lf the noisv is
random, we ~hould he ●blu to xeduce Its cffrct hy avcrn}:in~



several Images of nearly identical scenes. The variation in
scene from frame to frame of the Zaprudcr film made such an
●veraging infeasible. However, the “grassy knoll” area of
the Nix film is sufficiently invariant over eight frames
that we could average those frames. Then, in princi le, thi
signal-to-noise ratio would improve by a factor of &
Twelve identifiable control points were found on each of
the ●ight frames. Wirh these control points, the ei~ht
frames were registered and averaged. Figure S Is a split
screen image showing a single original frame and the MAP re-
stored version of the average image, The expected reduction
In image noise was observed in the averaged frame. Note
that the restoration is essentially free of the “clumpin:ss”
seen in Figs. 3 and 4, which are typical of restored images.

INTERPRETATION OF RLSTi)REE IMAGES

Image restoration usually becomrs a trade-off bet~een in-
creased sharpness and control of the image noise. The ex-
perienced analyst will usutlly use both the original and the
restored image for interpretation. The present work was no
exception. A number of the original/restored Znprucler pnirs
showed the positions of the President’s head more clearly
for mensuration than on the original alone, On one frame it
was possib?rn to resolve the image of the President’s nose
more clearly from the image of Nrs. Kennedyts jacket, thus
making subsequent analyses more reliable.

Greater interpretive gains were po:.~ible on the Nix film be-
cause rI# the reduced noise thet resulted from framc-
averaging. It became apparent that the ill-defined shapes,
which are claimed by some persons to be a “face.on” view of
a rifleman in firing position, are nothin~ but a pattern of
sun and shade on th~ wall of the pergola at the top of the
“grassy knoll.”

PHOTOGIWMMETRY,FRAME413

A number of Za~ruder frames, centered roughly on Frame 413,
show what is tkou~ht to be the head of a person lookinE at
the presidential limousine. Some persons claim that this
head belongs to c person who is holdin~ n rifle and usill~
the bu~hcs ful concealment. W@selected Frame 413, which
sho~s this head the most clearly, for anulysis of this claim
(see F1 , 6), Two typea of dnnlysls show nothing suspicious

E●bout t is person, One ●nalysis sttempts to identify the

1
color of the ob ect, alleged by some to be a riflp, which
the person may ● holdinfi. The other makes an cstimntc of
the personls position, based on ●lementary photoprammetry.

The color analysis relies on the ratio of ●xposures of the
three ●mulsions of the Zaprudcr film. Thr proccdur~ i:; prc-
ciscly anulGgocs to that. used for analyzin~ the images ob-
tnin-d from earth renourcc satellites, ‘ “l”hc satellite
phO*n?.ra hs Consifit L*Y imaSes in severul wavclen~th bands

rGi 1: !~a nation. II j- ussumed that distinctly colored rc-
RjOIiS on the earth’s stllfit(,~ will have characteristic signn-
turcb in these ❑ultjspccti,ll photographs, However, dif-
ferences in ●nRlc between LIIC normal to thr earthls <urfacr



and the image plane obscure these signatur’ s. It has been
found that by studyin~ the ratics of the intensities in all
pairs of wavelength bands, these surface-anfile effects are
removed. If the “man in the bushes” were holdinF a rifle,
the sun angle might make it diff!cult to distinguish the
weapon from the bush limbs about it. We studied the ratio
images that we obtained from the transmittance of the film
i the three emulsions. There were no features near the
t.sad that were different from the general surroundings; that
is, no rifle was found.

The geometrical analysis consisted of layin~ lill,’s of sipht
on a map of Dealey Pla:a. These lines r’Jn from ;apruder’s
known location to the two light poles that are visihlc in
l:ramc 413. These lines are indicated or, the map in FiE. 7.
This layout shows that the line of signt passin~ through the
head is 2“ to the right of the line passing through the
light on the north side of Main Street. This line of siRht
passes across the landing on the stairs down the knol! to
Elm Street at a position where R. E. Sprague’ places Ihr..c
spectators. A further clarification of Zapruder Frame 413
can be obtained from Nix’s photograph, Fig. S. In th’s
photograph we see Zapruder on the right. When his camrra
pointed toward the landin[z, he was looking down through thr
tall bush in the corner formed by the wall on which hc is
standing. This would m-an that the hush is between ;aprudcr
and the person of Frame 413. If that person is indeed stand-
ing on the landing, he is approximately 27 feet from
Zapruder. AsauminE a head width of 0.67 feet, the anslc
subtended is 1.4°. The head in Frame 413 subt~nds an anglu
of 1,35”. Thus, the bend size is consistent with that of
an individual where Sprague places “Hudson and two f~iende.”

It is most likely that the “man in the bushes” seen in
Zfipruder Frame 413 is an individual standing on the strps
In the 0PC9. That person is being photographed through a
bush locwted quite near Zapruder,

SUMMARY

This portion of this paper is unll~uelly short, ful LIIL’oh-
jcctive at LAsL was to produce improved imagery and annl~sis
tools for the beneiit of other persons on the Photogrnph]c
Evidence Panel. We developed successful techniques for re-
storing locally intensity-saturated images. These images
did clarify details from the original, which made subsequent
analyses and conclusions more certain, In addition to image
restoration, plus limited interpretation from those Images,
we ●lso did a quantitative color ●nalysis and a detailed
mensuration on one frame that is alleged by some to show a
Sunman lste in the Zapruder film. In no case did the imugcs
worked on at LASL directly reveal multiple gunmen. On t!lc
contrary, they deny the presence of two of the alleged EuIl-
men.
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Fig, la. Power spectrum show Fig. lb. TyFica] power
ing well-defined spectrum, in which
zeros duc to out-or- zeros arc obscured
focus blur. by noise.



Fig. 2a. Cepstrum of motion- Fig. 2h. Cepstrun of out-of-
blurrzd image. focus image,

Fig. 2c. Top view of perspec-
tive plot of Fig. 2h.
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